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CaBaFe4 07 is a mixed- valent transition metal oxide having both Fe 2+ and Fe 3+ ions in tetrahedral 
coordination. Here we characterize its magnetic properties by magnetization measurements and 
investigate its local electronic structure using soft x-ray absorption spectroscopy at the Fe Z/2,3 
edges, in combination with multiplet cluster and spin-resolved band structure calculations. We 
found that the Fe 2+ ion in the unusual tetrahedral coordination is Jahn- Teller active with the high- 
spin e^tL-^ configuration having ax 2 — j/ 2 -like electron for the minority spin. We deduce that 
there is an appreciable orbital moment of about L z — 0.36 caused by multiplet interactions, thereby 
explaining the observed magnetic anisotropy. CaBaFaiOr, a member of the '114' oxide family, offers 
new opportunities to explore charge, orbital and spin physics in transition metal oxides. 
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Transition-metal oxides arc well known for their 
strongly correlated electronic structure that brings or- 
bital, spin, and lattice degrees of freedom into close 
interaction.— The resulting phenomena, among them 
high-Tc and unconventional superconductivity, colossal 
magneto resistance, and various kinds of magnetic and 
orbital order, have been mostly studied in compounds 
that are based on the perovskite structured Recently, 
polycrystalline samples of the new material CaBaFc407 
were synthesized j 3 - a compound which belongs to the class 
of Swedenborgites or '114' oxides.— ~— It is a mixed- valent 
system containing equal numbers of Fe 2+ and Fe 3+ ions. 
Both ions are tetrahedrally coordinated by oxygen atoms. 
This is especially very rare for an Fe 2+ ion and only 
few materials containing such ions have been studied in 
detail recently for their physical properties, but these 
are sulfides^ - — The Fe ions in CaBaFe/i07 constitute a 
sublattice of alternating kagome and trigonal layers as 
shown in Fig. [T] (a). Based on the shorter average Fc- 
O distances^ one may expect that the trigonal layers 
accommodate only Fe 3+ ions, leaving the kagome layers 
with a 2:1 ratio of Fe 2+ and Fe 3+ ions. It is not known 
whether or not there is charge ordering in these kagome 
layers. 

The 3d orbitals in a tetrahedral FeC>4 coordination are 
split into a low e and a high t% level, and the Fe 2+ ion 
in the high-spin state has an e^^-j-ej configuration. As 
one minority-spin electron resides in the two-fold degen- 
erate e orbital, the question arises whether or not this 
degeneracy will be lifted, and if so, which orbital is to be 
occupied. The presence of such Jahn- Teller activ o 10 ^ 1 
ions could lead to interesting orbital physics phenom- 
ena, influencing strongly the magnetic properties of the 
material . 12 ! 13 In this work, we characterize the mag- 
netic properties of CaBaFe407 by magnetization mea- 
surements and study the orbital and spin physics in the 



material using a combination of soft x-ray absorption 
spectroscopy (XAS) and multiplet cluster calculations, 
supported by additional spin-resolved band structure cal- 
culations. 

We have succeeded to grow high quality single crystals 
of CaBaFe407 using the floating zone method. Details on 
the crystal synthesis will be given in a separate paper 
The XAS experiments were performed at the ID08 beam 
line at the ESRF in Grenoble, France. The energy res- 
olution was « 0.25 eV at the Fe-L 2j 3 edge, with a de- 
gree of linear and circular polarization each higher than 
99%. The single crystals of CaBaFc407 were cleaved in 
situ in ultra-high vacuum in the low 10 -10 mbar range. 
The Fe-L2,3 XAS spectra were taken in total electron 
yield (TEY) mode. Additional measurements have been 
made on the O K edge in the fluorescence yield (FY) 
mode. The close similarity found between the TEY and 
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FIG. 1: (color online) (a) A sketch of the crystal structure, 
with the Fe04 tetrahedra in the kagome layer (light yellow 
color) and in the trigonal layer (dark blue color), (b) Magnetic 
susceptibility and (c) magnetization of CaBaFe407. 



2 



FY spectra is evidence that the TEY spectra are truly 
representative for the bulk material and that the cleaved 
surfaces are of high quality. Polycrystalline FC2O3 was 
measured simultaneously as reference. A high- field mag- 
net with B = 5 T was used to measure the magnetic 
circular dichroism (XMCD) in the XAS spectra. The 
bulk magnetic susceptibility has been measured using a 
vibrating sample magnetometer in a Physical Properties 
Measurement System (PPMS) of Quantum Design. 

The refinement of single crystal diffraction data yields 
that the crystal structure is orthorhombic (Pbn21, with 
lattice parameters 6.3135 A, 11.0173 A, 10.3497 k)M In 
the magnetic susceptibility we observe magnetic ordering 
at 270 K similar to the data published on polycrystalline 
samples in Ref. [H but in addition the single crystals ex- 
hibit a second ordering temperature at 200 K indicated 
by a cusp in the curves (Fig.[T]). The differences between 
field- and zero-field-cooled measurements are small, indi- 
cating the absence of magnetic degeneracy. The data also 
show a clear anisotropy with the magnetic easy axis along 
the c direction of the crystal. The magnetic ordering may 
be described as 'ferrimagnetic' like Fe 3 04, in the sense 
that the kagome layer and the trigonal layer both show 
canted antiferromagnetic moments that do not compen- 
sate. The strong pinning of the moments along the c axis 
seems surprising, as one would expect that the high-spin 
Fc ions with their half-filled t 2g shell (Fe 3+ eH\ and Fe 2+ 
e 3 * 3 ,) should not carry an orbital moment. Yet we will 
show below that how the spin-obit coupling via multiplct 
interactions can generate an appreciable orbital moment, 
thereby explaining the observed magnetic anisotropy. 

Fig. [2] shows the Fe-i2,3 XAS spectra of CaBaFe407 
taken with E||c and E||a6. The top panel displays the 
spectra taken at 300 K, in the paramagnetic phase, while 
the bottom panel depicts the spectra at 100 K, in the 
magnetically ordered phase. There is a distinct polar- 
ization dependence, which is more pronounced for the 
magnetically ordered phase. For each temperature, the 
difference between the two polarizations, labeled XLD 
(x-ray linear dichroism), is also plotted. 

The spectra in Fig. [2] arc dominated by the Fe 2p core- 
hole spin-orbit coupling (SOC) which splits the spectrum 
roughly in two parts, namely the L 3 (hv « 705-713 eV) 
and Li (hv « 718-725 eV) white line regions. The line 
shape strongly depends on the multiplet structure given 
by the Fe 3d-3cZ and 2p-id Coulomb and exchange in- 
teractions, as well as by the local crystal fields and the 
hybridization with the O 2p ligands. Unique to soft XAS 
is that the dipole selection rules are very sensitive in 
determining which of the 2p 5 3d n+1 final states can be 
reached and with what intensity, starting from a partic- 
ular 2p 6 3d n initial state (n = 5 for Fe 3+ and n = 6 for 
Fe 2+ )ji^— This makes the technique extremely sensitive 
to the symmetry of the initial state, e.g. the crystal field 
states of the ions. 

The £2,3 XAS process is furthermore charge sensi- 
tive, and the spectra of higher valencies appear at higher 
photon energies by about 1 eV per difference in elec- 
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FIG. 2: (color online) Experimental and calculated Fe £2,3 
XAS spectra of CaBaFe4 07 with the E vector of the light par- 
allel and perpendicular to the crystallographic c axis, taken at 
300 K, in the paramagnetic phase (top panel) and at 100 K, 
in the magnetically ordered phase (bottom panel). 

tron occupation. 18 ' 19 We may therefore expect tenta- 
tively that the low-energy shoulder of the L3 white line 
at 708 eV is due to predominantly the Fe 2+ , while the 
higher energy peak at 709 eV comes from the Fe 3+ con- 
tribution. These tentative assignments are in fact consis- 
tent with the XLD observations. It is known that XLD 
can have its origin in an anisotropy of the orbital occu- 
pation and / or in an anisotropy of the spin orientation of 
the ions under study 17 ' 20 For a Fe 3+ ion, however, the 
spherical e Ai high-spin 3c? 5 configuration can only pro- 
duce a significant XLD if macroscopically there is a net 
spin axis present.— Therefore, the absence of XLD for 
the 709 eV peak (^Fe 3+ ) at 300 K and its appearance 
at 100 K, are consistent with an XLD signal caused by a 
magnetic ordering of the Fe 3+ ions in going from 300 K 
to 100 K. 

To check the assignments made above, we performed 
quantitative simulations of the XAS spectra using the 
configuration-interaction cluster model that includes full 
atomic-multiplct theory^ - — In these simulations, the 
multipolc parts of Coulomb interaction and the single- 
particle SOC constant were estimated from Hartrce-Fock 
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FIG. 3: (color online) (a) Total energy level diagram for the 
Fe 2+ ion, excluding (left) and including (right) the Fe 3c? spin- 
orbit coupling, (b) An illustration of the x 2 — y 2 orbital of 
the minority-spin e electron of the Fe 2+ ion; the high-spin 
half-filled Fe ion is drawn as a sphere. 



values that were reduced to 80%. For the monopole parts 
of the Coulomb interaction Udd and U p d, and the charge- 
transfer energy A. typical values were usedf^ with the 
Slater-Koster formalism^ and estimations from Harri- 
son's description 2 ^ the hybridization between Fe and O 
was taken into account.— The simulations have been car- 
ried out using the XTLS 8.3 programJ£ 

The result for the simulations are displayed in Fig. [2] 
One can observe good general agreement between exper- 
iment and calculation: each individual spectrum is well 
reproduced, i.e., for each of the two polarizations as well 
as for both temperatures 300 K and 100 K. The XLD is 
also well described. The simulations confirm that the L3 
white line at 708 eV is due to the Fe 2+ , while the 709 eV 
peak comes from the Fe 3+ . We now discuss the origin of 
the polarization dependence and its implications for the 
orbital occupation and spin orientation. 

We start with the 300 K spectrum in which the high- 
spin Fe 3+ ion with its spherical 6 Ai 3d 5 configuration 
does not contribute to the linear dichroism since there is 
no magnetic ordering at this temperature. The polariza- 
tion dependence is then caused by the Fe 2+ ion only and 
is related to its anisotropic orbital occupation. This is 
revealed in Fig. [3] (a), where we display the total energy 
level diagram of the ion. Looking first at the calcula- 
tion in which we artificially switch off the 3d spin-orbit 
interaction £, we can observe that there is a Jahn- Teller 
distortion which split the e and £2 manifolds. The low- 
est state consists of an e^-j-ej configuration with the 
minority-spin electron occupying the local x 2 — y or- 
bital, see Fig.[3](b). The first excited state has a 3z 2 — r 2 
like symmetry and lies 50 meV higher, i.e. it will only 
be slightly occupied at 300 K. The 2p->3d XAS intensity 
will therefore be higher for the light polarization vector 
E parallel to the crystallographic c axis than for the per- 
pendicular alignment as we are observing experimentally. 

We have checked this order of energy levels by carrying 
out band structure calculations in the local-spin-density 
approximation using the Wien2K code.— Specifically, we 
have set up an impurity calculation by introducing one 
substitutional Mn 2+ ion into one of the Fe 2+ sites in the 



kagome plane. This charge neutral substitution facil- 
itates the interpretation since Mn 2+ has the high-spin 
closed 3d 5 shell configuration that will not lead to possi- 
bly complex inter-orbital interactions as is in the case of 
Fc 2+ . Subsequently, we have determined the centers of 
gravity of the various orbitally-resolved partial densities 
of states of the Mn ion. The result is that the lowest 
lying 3d orbital is of the x 2 — y 2 type, with a 3z 2 — r 2 -like 
orbital state lying about 50 meV higher energy. These 
calculations thus support our spectroscopic analysis de- 
scribed above. 

The orbital character of the minority-spin electron in 
the e level is not purely x 2 —y 2 : two effects provide mixing 
with other orbitals. First, SOC mixes ti character into 
the e levels. This can be seen in the energy-level diagram 
where multiplets that are degenerate without SOC, see 
Fig. [3] (a), are split up, see Fig. [3](b). Second, mixing of 
orbital character is also caused by the low local symme- 
try at the Fe 2+ site as the Fe04 tetrahedra are distorted 
with a symmetry lower than Td- In analyzing the spectra 
in the magnetically ordered phase at T — 100 K in Fig. [2] 
(e) , one can observe that the experimental XLD changes 
slightly at the position of the Fc 2+ and that an addi- 
tional dichroism is created at the Fe 3+ L3 peak. This is 
related to the x-ray magnetic linear dichroism (XMLD) 
that is induced by the magnetic ordering.— In addition, 
the XMLD effect not only depends on the directional 
axis of the magnetic moment with respect to the polar- 
ization, but also with respect to the local coordination.— 
The XMLD for Fe 3+ can be reproduced well by assuming 
the moments to be canted by k, 35° away from the c axis, 
as seen in Fig. [2] (f ) and (h) . The orbital occupation is 
hardly affected by the magnetic ordering. 

We have carried out XMCD measurements of the Fe- 
^2,3 edge, which probe directly the local magnetism of 
the Fe ions.— ~— The external magnetic field was parallel 
to the c axis. The temperature dependence of the XMCD 
signal (Fig. |4] (e)-(g)) follows clearly the magnetic sus- 
ceptibility in Fig.[T](a) and (b), with a strong increase in 
XMCD signal upon cooling below the first transition at 
270 K, and a further increase in the second ordered phase 
at 100 K. Here, we can also make use of the charge sen- 
sitivity of the XAS process: the XMCD signal at around 
708 eV is mostly of Fe 2+ character, the signal at 709 eV 
mostly of Fe 3+ character. The 'ferrimagnctic' ordering 
of moments is seen in the spectra: the sign of the signal 
of the two is reversed in respect to each other. From the 
small XMCD signal at 709 eV we can conclude that the 
two Fe 3+ moments, one in the kagome and one in the 
trigonal plane, do not compensate and yield a small net 
moment. Their net moment opposes the Fe 2+ net mo- 
ment, as can be seen by the sign reversal of the XMCD 
signal. 

Full-multiplet calculations have also been carried out 
to analyze the XMCD data. We have used parameters 
identical to the ones used in the simulations of the XLD 
spectra described above. The results are shown in Fig. 0] 
(d) and (h). The agreement with the experiment is very 



4 



1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 




(e) X M CD 300Kexp. 

X£) . 240Kexp.. 

(g) lOOKexp., 

(h) A V IQOKcalc. 





700 705 710 715 720 725 730 

Photon Energy (eV) 

FIG. 4: (color online) X-ray magnetic circular dichroism of 
CaBaFe 4 7 . 

satisfactory, confirming that we have obtained an accu- 
rate understanding of the local electronic structure of the 
Fe ions. From these calculations, we can also extract the 
magnetic properties in the form of the spin and orbital 



contributions to the local moment. Along the easy axis, 
the expectation value of the spin for the Fe 2+ ions is 
S z = 1.9, i.e. near the spin-only value of two. Interest- 
ingly, the Fe 2+ ions each have also an additional orbital 
moment of L z = 0.36. This is caused by the SOC mix- 
ing the e and t-2. orbitals, which is not negligible since 
the energy difference between e and £2 orbitals is rather 
small in tctrahedral coordination as compared to octa- 
hedral coordination. The local distortion may cause a 
pronounced single ion anisotropy. As different Fe 2+ sites 
have their respective easy magnetic axes, canting of the 
magnetic moments of Fe 2+ can occur due to these single 
ion anisotropics. 

In conclusion, wc have determined experimentally the 
local electronic structure of CaBaFc4C>7 using x-ray ab- 
sorption spectroscopy. Detailed information have been 
obtained from the linear and magnetic circular dichroic 
signals in the spectra. From the simulations using the 
full-multiplet cluster model, we deduce that the Fe 2+ 
with its high spin e^t\ orbital occupation undergoes an e 
Jahn- Teller distortion which stabilizes a local x 2 — y 2 -likc 
orbital state. The local distortion of the FeC>4 tetrahc- 
dra and the spin-orbit coupling mix in some ti charac- 
ter into this x 2 — y 2 -like state. This induces an orbital 
contribution to the local magnetic moment and causing 
magnetic anisotropy, which is in accordance to the bulk 
magnetic measurements. An arrangement of the mag- 
netic moments was proposed. 
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